Electrical stimulation of the lateral hypothalamus (LH) has two motivational effects: long trains of stimulation induce drive-like effects such as eating, and short trains are rewarding. It has not been clear whether a single set of activated fibers subserves the two effects. Previous optogenetic stimulation studies have confirmed that reinforcement and induction of feeding can each be induced by selective stimulation of GABAergic fibers originating in the bed nucleus of the LH and projecting to the ventral tegmental area (VTA). In the present study we determined the optimal stimulation parameters for each of the two optogenetically induced effects in food-sated mice. Stimulation-induced eating was strongest with 5 Hz and progressively weaker with 10 and 20 Hz. Stimulation-induced reward was strongest with 40 Hz and progressively weaker with lower or higher frequencies. Mean preferred duration for continuous 40 Hz stimulation was 61.6 s in a "real-time" place preference task; mean preferred duration for 5 Hz stimulation was 45.6 s. The differential effects of high-and low-frequency stimulation of this pathway seem most likely to be due to differential effects on downstream targets.
Introduction
The lateral hypothalamus (LH) has long been implicated by lesion and electrical stimulation studies in feeding and reward (Anand and Brobeck, 1951; Olds, 1956; Margules and Olds, 1962; Hoebel, 1969) . Although the cells of the LH were traditionally assumed to integrate feeding-related signals (Saper et al., 2002; Berthoud and Münzberg, 2011) , it was not clear whether LH cells of origin or medial forebrain bundle fibers of passage were responsible for the disruptions of feeding and reward caused by lateral hypothalamic lesions (Ungerstedt, 1971; Stricker and Zigmond, 1974) or the induction of feeding and reward by electrical stimulation (Ranck, 1975; Bielajew et al., 2000) . Previous optogenetic studies have now confirmed that activation of GABAergic projections to the VTA from LH cells of origin is sufficient to induce feeding (Jennings et al., 2015; Nieh et al., 2015) , food seeking (Jennings et al., 2015; Nieh et al., 2015) , and reward (Jennings et al., 2015) .
It remains unclear whether the two stimulation effects-a drive-like effect with many of the properties of hunger (Wise, 1974) and a reinforcing effect that can establish (i) instrumental response habits (Olds, 1956 ) and (ii) preference for places where the stimulation has been experienced in the past (Ettenberg and Duvauchelle, 1988) -are responses to activation of the same GABAergic fibers. It seems paradoxical that sated rats should work for stimulation that induces hunger-like state (Wise, 2013) . However, electrical stimulation studies indicate that stimulation in the ventral tegmental area and in the lateral hypothalamus can induce both feeding and reward. Moreover, paired-pulse stimulation studies confirm that the reward and feeding involve fibers that connect the two regions (but do not necessarily originate or terminate in either of them) and have similar refractory periods, conduction velocities, and anatomical alignment within the medial forebrain bundle (Shizgal et al., 1980; Bielajew and Shizgal, 1982; Gratton and Wise, 1988a,b) . The two responses to lateral hypothalamic stimulation have thus never been dissociated, and their common characteristics have been taken to suggest (but do not confirm) that the same fiber population is involved in both effects. This suggestion fits with the optogenetic finding that each effect can be induced by 20 Hz activation of GABAergic lateral hypothalamic cells (Jennings et al., 2015) that project to the VTA (Nieh et al., 2015) .
In the present study, we further characterize the feeding and reward responses induced by optogenetic activation of the GABAergic LH¡VTA pathway. We determined latency and amount of feeding, willingness to work for short trains of stimulation, preferred stimulation duration, and preference for a stimulation-associated location in the test apparatus (conditioned place preference) across a range of stimulation frequencies and determined that the rewarding and feeding effects can be differentiated by the different optimal stimulation parameters for the two effects.
Materials and Methods

Animals
A total of 21 male VGAT-IRES::Cre mice (Slc32a1tm2(cre)Lowl/J, in a C57BL/6J background from The Jackson Laboratories) were used in these studies. Groups of two to five mice (weighing 20 -30 g at the start of experiments) were housed in an animal vivarium maintained on a direct 12 h light/dark cycle (lights on at 7:00 A.M.) and at a constant temperature of 23°C. They were kept undisturbed at least 1 week before the start of any experimental procedure and were handled and weighed daily to minimize handling stress during experiments. Food and water were provided ad libitum except during experimental sessions. Animal care and use were in accordance with institutional and international standards (National Research Council, 2011) and were approved by the National Institute on Drug Abuse Animal Care and Use Committee. All experiments were performed during the light phase of the diurnal cycle.
Drugs and food
Except for saclofen (Tocris Bioscience), the drugs were purchased from Sigma Aldrich. Saclofen and picrotoxin were dissolved in artificial CSF (ACSF; 124 mM NaCl, 5 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM MgSO 4 10 mM glucose, pH 7.4). The animals were tested with and after free access to their normal laboratory chow (2018 Teklad Global 18% protein rodent diet, Harlan; 18.6% protein, 44.2% carbohydrate, 6 .2% fat, with a caloric content of 3.1 kcal/g).
Surgical and intracerebral infusion procedures
Each mouse was anesthetized with 1-5% isofluorane, placed in a stereotaxic frame, and its skull exposed and leveled. Cre-inducible adenoassociated virus (AAV, serotype 1) coding for the light-sensitive protein channelrhodopsin-2 (ChR2) and enhanced yellow fluorescent protein (eYFP) or for eYFP alone under control of the EF1␣ promoter was used (National Institute on Drug Abuse Intramural Research Program Optogenetics and Transgenic Technology Core). AAV1-EF1␣-DIOhChR2(H134R)-eYFP (ChR2 mice) or AAV1-EF1␣-DIO-eYFP (eYFP mice) were bilaterally injected into the LH. The stereotaxic coordinates were as follows: anteroposterior (AP), Ϫ1.3; mediolateral (ML), Ϯ1.0; dorsoventral (DV), Ϫ5.2. Injections of 300 nl per side were made with a flow rate of 100 nl/min. Infusions were done using an UltraMicroPump with Micro 4 controller, 10 l Nanofil syringes, and 35 gauge needles (WPI). The needle was left in place for additional 3 min to prevent reflux. At least 8 weeks after viral infusions, each mouse received an intracranial optic fiber and, in some cases, a guide cannula for VTA microinjections. For optical stimulation of the VTA projections from LH (Fig. 1A ), mice were implanted with unilateral chronic optic fibers (200 m diameter; BFL37-200; Thorlabs) directed just dorsal to the right VTA (AP, Ϫ3.4; ML, Ϫ0.3; DV, Ϫ4.3). For pharmacological studies, a guide cannula (22 gauge; PlasticsOne) and an optic fiber were each lowered at a 10°angle toward the right VTA (optic fiber, AP, Ϫ3.4; ML, ϩ0.5; DV, Ϫ4.3; cannula, AP, Ϫ3.4; ML, ϩ1.1; DV, Ϫ4.4). One or two stainless-steel screws and dental acrylic cement were used to anchor the optic fiber and cannula to the skull. A cap and dummy cannula were used to prevent cannula blockade. Animals were given the analgesic meloxicam (0.2 mg/kg) to prevent postsurgical pain or discomfort and were allowed at least 10 d of recovery before the beginning of any experimental manipulation. Body weight was measured daily after surgery.
For intracerebral drug infusion, 28 gauge internal cannula injectors (PlasticsOne) were connected to Nanofil syringes through polyethylene tubing. The infusion volume was 200 nl at a flow rate of 100 nl/min. The injector was left in place for an additional 3 min to allow diffusion and to prevent the possibility of reflux. At the end of each experiment, the mice were anesthetized and perfused with 4% paraformaldehyde in 0.1 M PB, and coronal sections of 30 m were cut with a cryostat (CM3050 S; Leica) and prepared as reported previously (Qi et al., 2014) . Virus injection and optic fiber and cannula placements were verified by immunohistochemistry.
Brain coronal sections for eYFP immunodetection were processed as follows: free-floating coronal sections were incubated for 1 h in PB supplemented with 4% bovine serum albumin and 0.3% Triton X-100. Sections were then incubated with mouse anti-GFP antibody (1:1000; catalog no. 632381, Clontech Laboratories) overnight at 4°C. After rinsing three times for 10 min each in PB and incubation in biotinylated goat anti-mouse antibody (1:200; Vector Laboratories), sections were rinsed with PB and incubated for 1 h at room temperature in avidinbiotinylated horseradish peroxidase (1:200; ABC Kit; Vector Laboratories). Sections were rinsed, and the peroxidase reaction was developed with 0.05% 3,3Ј-diaminobenzidine and 0.03% H 2 O 2 . Sections were mounted on coated slides. Bright-field images were collected with an Olympus MVX10 with a 0.63 objective (Olympus). For double fluorescence immunodetection of eYFP and tyrosine hydroxylase (TH), freefloating coronal sections were incubated with mixtures of primary antibodies, rabbit anti-TH antibody (1:1000; catalog no. AB152; Millipore) plus mouse anti-GFP primary antibody (1:1000; catalog no. 632381; Clontech Laboratories), overnight at 4°C. After rinsing three times for 10 min each in PB, sections were incubated in a mixture of the corresponding fluorescence secondary antibodies (1:100; Alexa Fluor; Jackson ImmunoResearch) for 2 h at room temperature. After rinsing, the sections were mounted on slides. Fluorescent images were collected with an Olympus FV1000 Confocal System. Images were taken sequentially with different lasers with ϫ10 (for low magnification) or ϫ40 (for high magnification) objectives.
Behavioral studies
Apparatus. Feeding studies were conducted in acrylic chambers (34 ϫ 25 ϫ 19 cm) containing regular bedding. Optical intracranial selfstimulation studies were conducted in sound-attenuated operant chambers (Med Associates) equipped with two operant response wheels, a house light, and a cue light situated above each of the two wheels. Wheel turns were monitored by MedPC software (Med Associates); each quarter-turn of the designated response wheel caused delivery of optical stimulation. Place preference was tested in a three-compartment chamber consisting of two main chambers (20 ϫ 18 ϫ 35 cm) with distinct wall patterns and a connecting chamber (20 ϫ 10 ϫ 35 cm). For both feeding and place preference studies, the position of the animal was monitored via camera with a video tracking software (AnyMaze, Stoelting). Fiber optic cables were attached via FC/PC connector to 473 nm lasers (OEM/Opto Engine) for photostimulation.
Feeding studies. ChR2 and eYFP mice were habituated to the testing environment for three days before any experimental manipulation. On a given test day, each mouse was connected to a fiber optic cable and was placed in a chamber with a preweighed amount of food scattered on the floor. Each session lasted 10 min and was divided into 10 60 s trials. During odd-numbered trials, the laser stimulation remained off. During even-numbered trials, continuous laser stimulation was given in 10 ms pulses with laser intensity at the end of the fiber optics cable adjusted to 8 mW. Stimulation-induced feeding was assessed at four stimulation fre- quencies-2.5, 5, 10, and 20 Hz-on separate days and in balanced sequence. Latency to start eating and amount eaten were recorded for each trial. On a subsequent day, seven ChR2 mice were tested with cardboard and food each scattered on the floor; latency to pick up and bite cardboard or food and weights of the cardboard and food before and after testing were recorded. Stimulation parameters for this test and all others, unless otherwise noted, were 10 ms pulses at 5 Hz and 8 mW laser intensity.
For pharmacological experiments, ChR2 mice were habituated to the testing environment and given 3 d of stimulation testing at 5 Hz to obtain a food intake baseline (Table 1) . On the fourth day, a mix of saclofen (500 M) and picrotoxin (100 M) was infused into the VTA before similar testing. Three minutes after infusion, the animals were again tested with 5 Hz photostimulation. Distance traveled and average speed were also measured to assess motor performance. Three days after intra-VTA infusion of the GABA antagonists, the animals were retested following VTA infusions of ACSF.
Optical intracranial self-stimulation studies. ChR2 and eYFP mice were connected to the fiber optic cable and laser and were placed in operant chambers equipped with two response wheels (left and right) for daily 30-min self-stimulation testing. Each session began with illumination of the house light, which remained on for the entire session. Quarter-turns of one wheel ("active" wheel) activated a cue light above the wheel and caused a 2 s train of 20 Hz photostimulation (8 mW, 10 ms) followed by a 0.5 s "time-out" during which stimulation was not available. The cue light remained illuminated until the end of the time-out. Responses on the other ("inactive") wheel were not rewarded. During the first 5 d of training, the right wheel was designated as the active wheel; during the next 5 d the left wheel was the active wheel. Total wheel turns in the active and inactive wheels as well as reinforced wheel turns were recorded.
After 10 d of training at 20 Hz, the animals were tested with a range of pulse widths and pulse frequencies. On each test day, the mice were given eight 10 min trials with stimulation at one of four pulse widths (1.25, 2.5, 5, and 10 ms). In each of the eight daily trials, the mice were tested at one of eight frequencies (1.25, 2.5, 5, 10, 20, 40, 80 and 160 Hz). The order of pulse widths was balanced across days; pulse frequencies were tested in ascending order for half the mice and descending order for the others.
For pharmacological experiments, ChR2 mice were given three daily 10 min baseline training sessions (Table 1 ) with stimulation at 40 Hz (8 mW, 10 ms). On the fourth day, a mix of saclofen (500 M) and picrotoxin (100 M) was infused into the VTA. Three minutes after infusion, the animals were placed in the operant boxes and retested. Three days after intra-VTA infusion of the GABA antagonists, the animals were retested following VTA infusion of ACSF.
Preferred duration and place conditioning studies. Place preference experiments were divided into three phases: pretest, preferred duration, and conditioned preference phases. During the 10 min pretest phase, ChR2 and eYFP mice were connected to the fiber optic cable and laser, placed in the connecting chamber, and allowed to freely explore the entire apparatus. Time spent in each compartment was measured. In the preferred duration phase, the mice were allowed, in 30 min tests on 4 consecutive days, to instrumentally initiate or terminate continuous trains of stimulation by entering or exiting one of the end compartments of the apparatus. Independent groups were tested with stimulation at 5 or 40 Hz; times spent in each compartment were recorded. On the following day, the animals were tested in the absence of stimulation to determine if they had developed a conditioned preference for any of the three chambers.
Statistical analyses
Results are presented as mean Ϯ SEM. Latencies to start eating were compared to arbitrary cutoff scores using nonparametric methods due to a lack of variance for the cutoff data. Friedman ANOVA was used to detect any intertrial differences in a given group, Wilcoxon paired test was used to detect intertrial variations, and the Mann-Whitney U test was performed to detect between-groups differences. The remaining data were analyzed using parametric methods.
Behavioral data were analyzed using a Student's t test in the case where two variables were to be compared and using a multifactorial ANOVA with group (ChR2 vs eYFP) as the between-subjects factor and trial, day, frequency, intracerebral infusion, wheel, or phase of testing as the withinsubject factor, in the case where more than two variables were to be compared. For significant overall interactions, further analyses of partial interactions were performed. Post hoc analyses were performed using the Newman-Keuls test when the initial p value was significant. A result was considered significant if p Ͻ 0.05. All data were analyzed using Statistica software (Statsoft).
Results
Viral infusion, optic fiber, and cannula placements
Histological examination localized the viral injection site to the perifornical lateral hypothalamic area at the anterior-posterior level of the ventromedial nucleus ( Fig. 1 B, C, F, G) . The axons from infected neurons projected to the region of the dopamine cell bodies in the VTA (Fig. 1 D, E) . The optic probes and guide cannula terminated just dorsal to or within (respectively) the ventral tegmental area (Fig. 1 H, I ).
Feeding studies
Photostimulation at 5 and 10 but not 2.5 or 20 Hz induced reliable feeding of dry laboratory chow in ChR2 but not eYFP mice 4 (Figure legend continued. ) arranged rostrocaudally. The blue outlines correspond to a mouse injected with AAV1-DIO-ChR2-eYFP (experimental group, ChR2-eYFP), the pink outlines correspond to a mouse injected with AAV1-DIO-eYFP (control group, eYFP), and the light blue outlines correspond to a mouse injected with AAV1-DIO-ChR2-eYFP (experimental group used in pharmacological studies, ChR2-eYFP (P)). The distance from bregma is indicated. G, Representative coronal sections of VGAT-IRES::Cre mice showing the rostrocaudal extension of viral infusions. The images of the coronal sections were taken at low magnification under bright-field microscopy and show GFP immunoreactivity (dark brown label) in the LH. The distance from bregma is indicated. H, Representative coronal section image and atlas schema of an optical fiber placement within the VTA. The distance from bregma is indicated. I, Placements of optic fibers and cannulae for all the mice in the study. Purple circles show optic probe tips for mice injected with AAV1-DIO-ChR2-eYFP (experimental group), orange circles show optic probe tips for mice injected with AAV1-DIO-eYFP (control group), light blue circles show optic probe tips for mice injected with AAV1-DIO-ChR2-eYFP (experimental group used in pharmacological studies), and blue triangles show cannula tips for mice injected with AAV1-DIO-ChR2-eYFP (experimental group used in pharmacological studies). The distance from bregma is indicated. 3V, Third ventricle; AHP, anterior hypothalamus; DM, dorsomedial hypothalamus; ic, internal capsule; ml, medial lemniscus; mp, mammillary peduncle; VMH, ventromedial hypothalamus. Scale bars: B, 96 m; C, 21.6 m; D, 60 m; E, 17 m; E, 9.5 m; G, 120 m; I, 112.5 m. Mean amounts of food eaten (in grams) and latency to start eating (in seconds) as well as total and reinforced wheel turns observed during the 3 d training The statistical analyses for each variable are as follows: amount eaten, main effect of days, F (2,12) ϭ 2.61, p ϭ 0.11, n.s.; latency to eat, 2 ϭ 30.56, p Ͻ 0.001, no significant difference between the latencies to eat observed during the no light trials during the 3 training days, as well as no differences between the latencies to eat observed during the light trials during the 3 training days; total wheel turns, main effect of days, F (2,12) ϭ 4.88, p Ͻ 0.05; main effect of wheel, F (1,6) ϭ 174.15, p Ͻ 0.001; days by wheel interaction, F (2,12) ϭ 3.74, p ϭ 0.06, n.s.; reinforced wheel turns, main effect of days, F (2,12) ϭ 3.22, p ϭ 0.08, n.s. (Fig. 2 A, C,D-F ) . The maximal eating responses were seen after 5 Hz stimulation ( Fig. 2B ; significant main effects of group, F (1,11) ϭ 14.14, p Ͻ 0.01; frequency, F (3,33) ϭ 13.36, p Ͻ 0.001; group by frequency interaction, F (3,33) ϭ 10.91, p Ͻ 0.001). The food intake elicited by 10 Hz stimulation was significantly less than that seen at 5 Hz ( p Ͻ 0.01); statistically reliable food intake was not seen with 2.5 or 20 Hz stimulation in our short (1 min) test trials.
When ChR2 mice were presented with pieces of cardboard along with regular laboratory chow and tested with 5 Hz photostimulation, ChR2 mice sometimes picked up a piece of cardboard during the stimulation period (Fig. 3 A, D) . When they did so, they carried rather than gnawed the cardboard, usually putting it down and picking up food. Latencies to pick up and carry cardboard were significantly longer than latencies to pick up and The five 5 min trials with and without light were averaged together for both eYFP (n ϭ 7) and ChR2 mice (n ϭ 6). ChR2 mice showed a shorter latency to start eating when frequencies of 5 Hz and, to a lesser extent, 10 Hz, were used.
# p Ͻ 0.05 compared with the no-light period; **p Ͻ 0.01 compared with the light period of eYFP mice. The photostimulation had no effect on eYFP mice at any of the frequencies tested. B, Photostimulation of GABAergic LH-to-VTA projections induced feeding at low frequencies in ChR2 mice and had no effect on eYFP mice. Asterisks indicate significant differences between eYFP and ChR2 mice tested with the same frequency. *p Ͻ 0.05; ***p Ͻ 0.001. Hash marks indicate significant differences between the amount eaten by ChR2 mice stimulated at 5 Hz against all the other frequencies ( ### p Ͻ 0.001) and plus signs indicate significant differences between the amount eaten by ChR2 mice stimulated at 10 Hz against 2.5 and 20 Hz ( ϩϩ p Ͻ 0.01). C, VTA photostimulation of GABAergic LH terminals using a frequency of 2.5 Hz did not elicit feeding in neither eYFP nor ChR2 mice. D, VTA photostimulation of GABAergic LH terminals using a frequency of 5 Hz promoted feeding in ChR2 mice, and the effect was time locked to light stimulation (gray blocks). Asterisks indicate a significant difference between eYFP and ChR2 mice. *p Ͻ 0.05; **p Ͻ 0.01. E, VTA photostimulation of GABAergic LH terminals using a frequency of 10 Hz less efficiently promoted feeding in ChR2 mice. Asterisks indicate a significant difference between eYFP and ChR2 mice. *p Ͻ 0.05. F, VTA photostimulation of GABAergic LH terminals using a frequency of 20 Hz did not elicit statistically reliable feeding in our 1 min trials. However, reliable feeding can be demonstrated in longer tests with this frequency (Jennings et al., 2015; Nieh et al., 2015) . Thus, Figure 2 shows the relative but not the absolute effectiveness of stimulation at the parameters tested. eat food ( 3 2 ϭ 19.14, p Ͻ 0.001; Fig. 3A ). Animals presented with food alone ate with the same latencies as animals presented with food and cardboard (Figs. 2D, 3C) . Finally, the total food intake was not different from that observed when food was presented alone (t (6) ϭ Ϫ2.14, p ϭ 0.08; compare Figs. 2B, 3B).
VTA infusions of the GABA antagonists saclofen and picrotoxin significantly decreased amounts eaten ( Fig. 4A ; t (6) ϭ 3.76, p Ͻ 0.01) and increased the latency to start eating ( Fig. 4B; 3 2 ϭ 17.46, p Ͻ 0.001) in ChR2 mice given maximally effective (5 Hz) photostimulation. The decrease on feeding behavior seen with the GABA antagonists was not accompanied by a decrease in distance traveled ( Fig. 4C ; t (6) ϭ Ϫ1.10, p ϭ 0.31, n.s.) or average speed of locomotion ( Fig. 4D ; t (6) ϭ Ϫ1.04, p ϭ 0.34, n.s.).
Optical self-stimulation studies
ChR2 but not eYFP mice readily learned to turn the response wheels for 2 s trains of VTA photostimulation (Fig. 5) . ChR2 mice selectively turned the active wheel to get VTA photostimulation at 20 Hz (8 mW, 10 ms; Fig. 5A ; day, F (9,54) ϭ 11.77, p Ͻ 0.001; wheel, F (1,6) ϭ 7.70, p Ͻ 0.05; day by wheel interaction, F (9,54) ϭ 263.07, p Ͻ 0.001); eYFP mice did not do so (day, F (9,45) ϭ 1.39, p ϭ 0.22; wheel, F (1,5) ϭ 0.58, p ϭ 0.48; day by wheel interaction, F (9,45) ϭ 1.57, p ϭ 0.15, all n.s.). ChR2 mice learned to distinguish between active and inactive wheels within the first 10 min of testing (minute by wheel interaction, F (14,84) ϭ 8.78, p Ͻ 0.001; Newman-Keuls post hoc test at 10 min point, p Ͻ 0.01). These animals rarely turned the inactive wheel and quickly changed wheels when the previously active wheel was made inactive and the previously inactive wheel made active (minute by wheel interaction, F (14,84) ϭ 31.10, p Ͻ 0.001; Newman-Keuls post hoc test at 7 min point, p Ͻ 0.01). The number of earned stimulation trains (Fig. 5B ) and the efficiency of wheel turning (F (8,48) ϭ 9.81, p Ͻ 0.001; Fig. 5C ) increased progressively over the 10 d of training.
The rewarding effect of photostimulation was frequency dependent (Fig. 5D ). The highest rates of responding were for 40 and 80 Hz stimulation, depending on pulse width; 80 Hz was most effective with short pulse widths (1.25 and 2.5 ms) and 40 Hz was most effective with long pulse widths (5 and 10 ms). ANOVA showed significant differences in the operant performance of each parameter and the interaction between the two (pulse duration, F (3,15) ϭ 15.82, p Ͻ 0.001; pulse frequency, F (7, 35) ϭ 61, p Ͻ 0.001; duration by frequency interaction, F (21,105) ϭ 2.16, p Ͻ 0.01). There were no significant differences in the effectiveness of 5 ms pulses [the pulse durations used in the Nieh et al. (2015) andJennings et al., 2015 studies], and 10 ms pulses (used in the other experiments in the present study).
Numbers of stimulation-induced wheel turns and stimulations earned were attenuated by VTA microinjections of the mixture of the GABA antagonists saclofen (500 M) and picrotoxin (100 M; Fig. 6 A, B) . This was reflected in a main effect of treatment (F (1,6) ϭ 23.55, p Ͻ 0.01), a main effect of wheel (F (1,6) ϭ Figure 3 . Feeding behavior elicited by VTA photostimulation of GABAergic LH terminals using a stimulation frequency of 5 Hz is goal directed and not the result of maladaptive motor sequences. A, When food pellets and cardboard were presented together to ChR2 mice (n ϭ 6), the VTA photostimulation of GABAergic LH terminals induced a shorter latency to bite food than to bite cardboard. # p Ͻ 0.05; **p Ͻ 0.01. Asterisks indicate significant differences between the light and the no light periods. *p Ͻ 0.05. B, Intake of food was significantly greater than shredding of cardboard (**p Ͻ 0.01); the amount of cardboard shredded did not differ significantly from zero ( p ϭ 0.07). C, VTA photostimulation of GABAergic LH terminals using a frequency of 5 Hz elicited feeding despite the presence of cardboard pieces in the same behavioral trial. Asterisks indicate a significant difference in the latencies to the first bite for food and cardboard (*p Ͻ 0.05). D, Latency to pick up cardboard did not differ significantly from 60 s.
32.83, p Ͻ 0.01), and a treatment by wheel interaction (F (1,6) ϭ 28.82, p Ͻ 0.01). The ChR2 mice no longer discriminated between the active and inactive wheels following the GABA antagonist treatment ( Fig. 6A ; p ϭ 0.49, n.s.).
Preferred duration and place conditioning
ChR2 but not eYFP mice quickly learned to shuttle between chambers for 40 (Fig. 7A ), but did not reliably do so for 5 Hz stimulation (Fig. 7B) . This was reflected in a group by chamber interaction (F (2,18) ϭ 6.97, p Ͻ 0.01) with the ChR2 animals spending over 90% of their time in the stimulation-associated chamber from the first day of testing when the stimulation frequency was 40 Hz (Fig. 7A ; p Ͻ 0.001). This was an instrumental task where the animals controlled the duration of continuous stimulation trains; the ChR2 animals tested with 40Hz stimulation spent more time per entry in the reinforced chamber than the animals tested with 5Hz stimulation (Fig. 7C) .
In subsequent preference testing in the absence of any stimulation, neither the animals trained with 5 Hz stimulation nor the animals trained with 40 Hz stimulation showed a preference for the compartment in which they had received stimulation over the compartments (end and connecting) where they had never received stimulation.
Discussion
The present study confirms that reward and motivation to eat can each be induced by activation of GABAergic fibers to the VTA from cells of origin in the lateral hypothalamic area and reveals that the two effects are differentially sensitive to high-and lowfrequency stimulation. While this suggests that different populations of GABA fibers mediate the two effects, it seems unlikely that subpopulations of GABAergic fibers with the same origin and projection (present study), the same refractory periods (Gratton and Wise, 1988b) , and the same alignment along the medial forebrain bundle (Gratton and Wise, 1988a) would have such different frequency responses to the stimulation itself. It seems more likely that high and low frequencies activate the same GABAergic fibers but that differences in transmitter release from those fibers differentially affect synaptic targets in the VTA. One possibility is that reward but not feeding depends on a coreleased peptide; peptide cotransmitters tend to be released by higherfrequency stimulation than are needed for release of amino acid transmitters (Arrigoni and Saper, 2014) , and peptide corelease appears to be involved in at least some cases of reward function (You et al., 1998) . Several hypothalamic neuropeptides have been shown to affect feeding behavior (Woods et al., 1998; Meister, 2007; Benarroch, 2010; Berthoud and Münzberg, 2011) . Of these, however, neurotensin, hypocretin/orexin, and melanin concentrating hormone (MCH) appear not to be involved. Hypocretin/ orexin and MCH are not colocalized with GABA in LH neurons implicated in stimulation-induced feeding (Jennings et al., 2015) , and neurotensin, besides being anorexigenic (Levine et al., 1983; Cador et al., 1986) , is more concentrated in more rostral regions of the hypothalamus (Geisler and Zahm, 2006) , where it appears to be associated with glutamatergic rather than GABAergic re- Figure 4 . Blockade of GABA A and GABA B receptors by a mix of saclofen and picrotoxin (S ϩ P; 500 M and 100 M, respectively) decreased the food intake and increased the latency to start eating induced by VTA photostimulation of GABAergic LH terminals when these are stimulated at 5 Hz (10 ms, 8 mW). The observed effects were not due to motor impairment caused by the microinfusion of the antagonists. A, ChR2 mice (n ϭ 8) received an intra-VTA infusion (0.2 l) of ACSF or a mix of saclofen plus picrotoxin with an interval of 72 h between infusions. Administration of the GABA antagonists significantly decreased food intake. The asterisks indicate a significant difference between treatments. **p Ͻ 0.01. B, The latency to start eating was significantly increased by the administration of the GABA antagonists. The asterisk indicates a significant difference between treatments during the photostimulation period. *p Ͻ 0.05. Plus signs indicate significant differences between the light and the no light periods of testing for each condition.
ϩ p Ͻ 0.05; ϩϩ p Ͻ 0.01. C, The total distance traveled by ChR2 mice during the 10 min experiment was not modified by the administration of the antagonists. D, The average speed of ChR2 mice during the 10 min experiment was not modified by the administration of the antagonists. Figure 5 . Instrumental behavior is promoted by VTA photoactivation of GABAergic lateral hypothalamic terminals. A, ChR2 mice (n ϭ 6) turn the active wheel to receive VTA photostimulation of GABAergic LH terminals at 20 HZ significantly more than eYFP mice (n ϭ 7), starting from the first day of training. During the first 5 d of training, turning the right wheel led to the delivery of light stimulation (filled circles). During days 6 to 10, we exchanged the contingencies, so turning the left wheel led to the delivery of light stimulation (unfilled circles). Triangles indicate data for the eYFP animals. Asterisks indicate a significant difference between eYFP and ChR2 mice on a given day. ***p Ͻ 0.001. Plus signs indicate a significant difference between the number of wheel turns on the first day and the number of wheel turns on the other days for ChR2 mice.
ϩϩϩ p Ͻ 0.001. The operant performance in days 6 to 10 is significantly lower than that observed on days 2 to 5 ( p Ͻ 0.001). B, Earned stimulations during the instrumental training at 20 Hz, when the active wheel was the right wheel (days 1-5, filled circles) and when the active wheel was the left wheel (days 6 -10, filled circles). Asterisks indicate a significant difference between eYFP and ChR2 mice on any given day. ***p Ͻ 0.001. Plus signs indicate a significant difference between the number of earned stimulations on the first day and the number of earned stimulations on the other days for ChR2 mice.
ϩϩϩ p Ͻ 0.001. Notice that, despite the reversal in the contingencies of wheels, the number of earned stimulations remains considerably stable. C, Learning score resulting from the division of the number of earned stimulations at 20 Hz by the total number of wheel turns during days 2 to 10 for ChR2 mice (n ϭ 6). Mice adjusted their behavior, maximizing the number of wheel turns per earned light stimulation, even with the confound of reversal training, and became significantly more efficient with experience. Asterisks indicate significant differences with days 2 to 6. **p Ͻ 0.01; ***p Ͻ 0.001. D, Parametric study of the frequency and pulse duration of the VTA photostimulation of GABAergic LH terminals in ChR2 mice (n ϭ 6). A unique pulse duration (PD) was tested each day. On a given day, half of the mice experienced the set of eight frequencies in an ascending order and half in a descending order. Each frequency was tested for 10 min. The best operant performances were evident at frequencies of 20 -40 Hz and at pulse durations of 5-10 ms. The statistical analyses performed and the results are described in the Materials and Methods. Figure 6 . Blockade of GABA A and GABA B receptors by a mix of saclofen and picrotoxin (S ϩ P; 500 M and 100 M, respectively) decreased responding for VTA photostimulation of GABAergic LH terminals at 40 Hz. ChR2 mice (n ϭ 8) received an intra-VTA infusion (0.2 l) of ACSF or a mix of saclofen plus picrotoxin with an interval of 72 h between infusions. A, Administration of the GABA antagonists significantly decreased the number of wheel turns on the active, but not the inactive, wheel. The discrimination between wheels was no longer evident after GABA A and GABA B receptor blockade. The asterisks indicate a significant difference between treatments on the number of active wheel turns. ***p Ͻ 0.001. The plus signs indicate a significant difference between the number of active and inactive wheel turns for a given treatment.
ϩϩϩ p Ͻ 0.001. B, Earned light stimulations during VTA photoactivation of the GABAergic LH terminals were significantly decreased by the administration of the GABA antagonists mix. ***p Ͻ 0.001.
ward signaling in the VTA (Kempadoo et al., 2013) . The study of other candidates that project to the VTA, such as galanincontaining neurons and a subset of GABAergic LH neurons that express leptin receptors and modulate feeding (Melander et al., 1986; Meister and Hökfelt, 1988; Woods et al., 1998; Leinninger et al., 2009) , are of obvious interest. Regardless of the possibility of a peptidergic cotransmission along with GABA, the fact that GABA antagonists decreased feeding and reward when applied in the VTA emphasizes the modulatory role of this classical neurotransmitter in both responses.
In the present study, the stimulation was rewarding even in uninterrupted trains of pulses lasting tens of seconds. In the case of electrical stimulation of the same brain region, prolonged stimulation tends to become aversive after several seconds, and (C1-C4) ; gray zone], or when stimulation was no longer available after conditioning trials [test day (T)]-in high-frequency (40 Hz) and low-frequency (5 Hz) stimulation conditions. A, ChR2 mice (n ϭ 6, left) and eYFP mice (n ϭ 7, right) received continuous light stimulation at a frequency of 40 Hz when entering the reinforced chamber. Mice were able to stop the stimulation by passing to the connecting or the nonreinforced chamber. Gray squares indicate the days in which the light stimulation was available. ChR2 mice showed a significant preference for the reinforced chamber during the conditioning days (when the light was available). Asterisks indicate significant differences between ChR2 and eYFP mice on a given testing phase. ***p Ͻ 0.001. Plus signs indicate significant differences between the time spent in the reinforced and the nonreinforced chambers for ChR2 mice on a given testing phase.
ϩϩϩ p Ͻ 0.001. B, ChR2 mice (n ϭ 5, left) and eYFP mice (n ϭ 7, right) received continuous light stimulation at a frequency of 5 Hz when entering the reinforced chamber. Mice were able to stop the stimulation by passing to the connecting or the nonreinforced chamber. Gray squares indicate the days in which the light stimulation was available. Neither ChR2 nor eYFP mice showed statistically reliable preference for the reinforced chamber during any phase of training, though the data from days C1 and C2 suggest some degree of preference for 5Hz stimulation in the ChR2 group, consistent with the wheel-turning behavior for 5Hz stimulation. C, Mean visit time to the reinforced chamber as a function of stimulation frequency. Mice given stimulation at 5 Hz made significantly shorter visits than when given 40 Hz stimulation (t (6) ϭ Ϫ2.36). *p ϭ 0.05. rats will not only work to initiate LH stimulation, but will subsequently work to terminate it (only to initiate it again) (Bower and Miller, 1958) . One hypothesis is that the effects of electrical stimulation are initially rewarding but become aversive and drive-like with prolonged duration (Ball, 1970) . This hypothesis does not explain our optogenetic findings. We saw no signs that our optogenetic stimulation became aversive around the time the animals started eating; when the animals controlled the duration of stimulation in the absence of food, their continued preference for stimulation lasted considerably longer (mean, 45.6 s; Fig.  7C ) than their latencies to initiate eating when food was present (ϳ30 s; Fig. 2D ).
An interesting contrast to our finding is seen with optogenetic activation of agouti-related protein-expressing neurons of the arcuate nucleus. This stimulation induces feeding but becomes aversive over the course of several days of repeated testing (Betley et al. 2015) . It is tempting to consider the possibility that this system, which is sensitive to the hormonal signals of energy balance (van den Top et al., 2004) , is more involved in regulatory feeding and that the medial forebrain bundle system is more involved in eating in the absence of need.
In a previous study of feeding induced by optogenetic activation of GABAergic LH¡VTA, Nieh et al. (2015) reported aberrant behaviors that were not seen in our study. These included circling and vacuous tongue movements (their Video S3) and backward propulsion (their Video S4). The circling probably reflects the laterality of their optic probe, which was positioned over the substantia nigra, 0.7 mm lateral to our placement. The backward stepping is a clear sign of aversion (Schneirla, 1959 ) and a response that was never seen in our study. This effect may have been due to stimulation of a somewhat more rostral set of GABA neurons than the one stimulated in our study. The viral injections in the study by Nieh et al. (2015) were about 1 mm rostral to ours, at the level of the decussation of the optic chiasm; our injections and those of Jennings et al., (2015) , who also reported no aberrant behavioral signs, were at the anterior-posterior level of the ventromedial nucleus, the region where electrical stimulation induces eating (Hoebel and Teitelbaum, 1962; Margules and Olds, 1962; Wise, 1971) . Nieh et al. (2015) also reported licking and gnawing in their stimulated animals. We also saw mouth movements in response to 20 Hz stimulation at times when our animals did not have food in their mouths. We did not see such movements when stimulating at the lower frequencies that induced eating. The tongue protrusions seen in Nieh et al.'s (2015) S3 video have the appearance of "gapes": the reflexes of oral expulsion (Grill and Norgren, 1978) . This may have been due to salivation that can be caused by hypothalamic stimulation, but it was also not seen in our study. We did not see these movements or the gnawing-like mouth movements seen by Nieh et al. (2015) in animals with nothing to chew. We sometimes noticed in vacuo chewing movements with stimulation at 20Hz, but we did not see chewing of the cardboard pieces our animals sometimes carried before picking up food.
Our findings confirm that activation of a GABAergic projection from lateral hypothalamic cells of origin can induce feeding and reward. The feeding effect is optimal when low (5 Hz) stimulation frequencies are used; the rewarding effect is optimal with higher frequencies (40 or 80 Hz) are used. Our working hypothesis at present is that the same GABAergic fibers are involved in both behaviors and that differential effects on downstream targets explain the so-called "drive-reward" paradox.
